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ABSTRACT Time-resolved fluorescence measurements were performed on isolated core and intact Photosystem I (PS I)
particles and stroma membranes from Arabidopsis thaliana to characterize the type of energy-trapping kinetics in higher plant PS I.
Target analysis confirms the previously proposed ‘‘charge recombination’’ model. No bottleneck in the energy flow from the bulk
antenna compartments to the reaction center has been found. For both particles a trap-limited kinetics is realized, with an apparent
charge separation lifetime of ;6 ps. No red chlorophylls (Chls) are found in the PS I-core complex from A. thaliana. Rather, the
observed red-shifted fluorescence (700–710 nm range) originates from the reaction center. In contrast, two red Chl compartments,
located in the peripheral light-harvesting complexes, are resolved in the intact PS I particles (decay lifetimes 33 and 95 ps,
respectively). These two red states have been attributed to the two red states found in Lhca 3 and Lhca 4, respectively. The
influence of the red Chls on the slowing of the overall trapping kinetics in the intact PS I complex is estimated to be approximately
four times larger than the effect of the bulk antenna enlargement.

INTRODUCTION

The process of photosynthesis in its early stages occurs in

highly specialized membrane-bound pigment-protein com-

plexes. These complexes are divided into two families, de-

pending on the terminal electron transfer cofactors: i), the

type II reaction centers (RCs), like Photosystem (PS) II and

some bacterial RCs; and ii), the family of the type I Fe-S RCs

to which PS I belongs. Higher plant PS I consists of a core

complex of ;12 protein subunits and an outer antenna

semiring of four units (1,2). The whole complex hosts ;200

cofactors, among which six redox active chlorophyll (Chl)

molecules located in the RC, 97 Chls in the core antenna, 56

in the outer antenna, and ;9 Chls fill the gap between the two

antennae (for a review, see Fromme and colleagues (3)). In

addition, PS I carries the redox active cofactors on the ac-

ceptor side and a large number of carotenoid molecules fur-

ther (2) (for a high-resolution structure of the cyanobacterial

PS I, which is to a large extent conserved in the core of higher

plant PS I; see Jordan and colleagues (4)).

The six Chl molecules in the RC are strongly excitonically

coupled among each other, as predicted by theoretical cal-

culations (5,6) and thermodynamic analyses (7) and con-

firmed by experimental studies, e.g., ultrafast transient

absorption (TA) (8–10), mutant studies (11), and Raman

scattering (12). This strong coupling of the RC Chls and the

ensuing widening of the covered energy spectrum might be

of great significance for the efficient and fast energy transfer

(ET) from the surrounding core antenna Chls to the RC (13).

Owing to its structure, PS I possesses several specific

properties distinguishing it from other photosynthetic com-

plexes. This study is concerned with two of these features.

First, the inseparability of the core antenna and the RC of

PS I, which together with the high Chl density render specific

time-resolved studies of the electron transfer processes in the

RC very difficult. The second characteristic is the presence of

Chl forms that have lower energy than the RC Chls (red Chls)

(for a review, see Karapetyan and colleagues (14)). These

Chls, apparently, are highly important for the overall function

of PS I as they are conserved during evolution and even in-

creased in higher plants with respect to algae. To reveal the

function of these red Chls, their role in the light-trapping

kinetics must be characterized.

During the past few years, great efforts have been made by

several research groups to analyze the trapping kinetics in PS

I, but no general agreement has been reached. The red Chls,

supposedly located mainly at the periphery of the monomeric

complex, play a decisive role in controlling the overall ki-

netics. In some of the recent ultrafast studies on cyanobacte-

rial PS I, the kinetics was discussed as balanced between trap

limited and transfer-to-trap limited (15). In contrast, other

authors proposed purely transfer-to-trap-limited kinetics on

the basis of a nonequilibrium trapping interpretation of the

time-resolved fluorescence and TA data (16–20) and theo-

retical modeling (6). In some early minimal models, purely

trap-limited kinetics was also proposed (21,22) for cyano-

bacterial PS I. However, these studies lacked either sufficient

time resolution in the measurements (21) or did not attempt a

detailed kinetic modeling (22). In addition some basic criti-

cism may be applied to most of the above-mentioned studies

since the analysis of the experimental data either did not ac-

count for some of the important features of the electron

pathways, e.g., charge recombination (16–18,20), or used the
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highly questionable assumption of equality of the excited

state quenching processes in open and closed PS I complexes

(19). In fact, an increase of ;12% in the fluorescence quan-

tum yield after P700 oxidation was observed by Byrdin and

co-workers (15), which implies a different trapping kinetics in

PS I with closed RC.

Irrespective of the discrepancies between the models sug-

gested by different groups, the underlying data themselves are

often quite similar, with energy equilibration times ranging

from a few picoseconds to a few tens of picoseconds and a

main trapping lifetime of ;20–25 ps (15–19,22,23) in PS

I-cores and additional component(s) in intact higher plant PS I.

However, the 20–25 ps component assigned to main trapping

in many of these works is a complex component and most

likely represents a mixture of more than one process. Recent

TA and fluorescence decay studies on PS I-core particles from

Chlamydomonas reinhardtii carried out in our laboratory

(9,24) shed more light on the trapping kinetics of PS I-cores.

One important conclusion of these studies was that a charge

recombination step was required for the description of the

energy and charge transfer events in PS I. Furthermore for the

first time, to our knowledge, these studies resolved the excited

equilibrated RC* (i.e., excited state of the group of the six RC

Chls) of PS I as a separate compartment both spectrally and

kinetically. According to these results, energy trapping in the

PS I-core is limited by the charge separation (CS) rather than

the ET, i.e., the kinetics in PS I-cores that are devoid of red

Chls is purely trap limited. Additionally, these studies for the

first time, to our knowledge provided evidence for the ac-

cessory Chl-ec2 as a primary donor in PS I RC (9).

Recently, Ihalainen and colleagues investigated the ex-

cited state dynamics in intact higher plant and algae PS I

particles using time-resolved fluorescence with high resolu-

tion and suggested transfer-to-trap-limited kinetics (25). The

authors used a model with two red Chl compartments for the

description of their data. However, the conclusions drawn

from that modeling are subject to criticism since the internal

conversion rate to the ground state for the light-harvesting

complex I (LHC I) bulk-red compartment is very high (6.81

ns�1), which—if correct—would lead to high quantum yield

losses for CS. So far, there exists no convincing evidence that

radiationless deactivation to the ground state from excited red

Chls is efficient enough that such a high deactivation rate is

justified. Interestingly, the red PS I-core compartment in

their model has a high transition rate directly to the trap (i.e.,

the charge-separated state), which—if this compartment

is interpreted as a red Chl located somewhere in the bulk

antenna—implies that most of the energy reaching this red

Chl compartment does not pass through the core antenna

before CS. Such a scenario has been ruled out however by,

e.g., Jennings and co-workers (26). We will show in this

work that the compartment attributed by Ihalainen and col-

leagues to red PS I-core does in fact represent the RC itself.

However in an alternative model, Melkozernov and col-

leagues suggest a diffusion-limited step in the trapping ki-

netics of intact Chlamydomonas PS I particles because of a

bottleneck in the ET from the peripheral antenna (LHC I) to

the PS I-core antenna due to the presence of regions of weak

coupling (27). Additionally, the latter authors suggest slow

energy equilibration among the LHC I complexes.

The functional and biological roles of the peculiar red Chls

represent a feature of the PS I antenna that is still not well

understood. Certainly, the presence of red Chls does not

impair the quantum efficiency of PS I substantially, if at all,

since the lifetime of the excited state of a Chl in a protein is on

the timescale of several nanoseconds, whereas the longest

excited state decays of red Chls in PS I are only up to ;100

ps. Some authors proposed that the red Chl forms provide a

physiological advantage for the plants in special light con-

ditions (28–30). Others discussed their role in connection

with the funnel model of ET to the RC (31) or suggested their

participation in photoprotection (14,29,31–34).

Typically, the red Chls have very broad red-shifted spectra

due to a high electron-phonon coupling (35–39). In cyano-

bacteria these red Chls are located in the core of PS I. Low

temperature studies reveal the presence of two to three main

absorption bands at 708 nm and 719 nm (C708 and C719)

(35,38) and possibly also C715 (36) for Thermosynechoccocus
sp. Two red Chl forms are found at low temperature also in

Synechocystis at 708 nm and 714 nm (37). Unfortunately, the

exact position of the Chls responsible for the red-shifted ab-

sorption and fluorescence in the structure is not known. Ac-

cording to Melkozernov and colleagues (40), they are located

in the vicinity of the RC, contrary to the more distant position

proposed by other authors (15,17,37,41). For cyanobacterial

PS I, a highly likely position is in the monomer-monomer

interaction region of the trimer (4).

In contrast to cyanobacteria, the red Chls in higher plants

appear to be located almost exclusively in the peripheral

LHC I complexes (42) although Ihalainen and colleagues

(25) assign one red Chl state to the core antenna (vide supra).

Several studies on preparations of PS I particles and LHC I

complexes have demonstrated convincingly that the main

part of the red-shifted fluorescence of intact PS I could be

explained well by Chls situated in the peripheral LHC I

complexes (26,43) and/or at the interface between the core

complex and the peripheral antenna (27,44,45) possibly in-

volving some of the so-called gap Chls (46). A very small

contribution of red-shifted fluorescence from the PS I-core is

supported by a site-selective and high-pressure spectroscopy

study on PS I-200, PS I-core, and LHC I, which suggests the

presence of three red Chl states in the intact PS I complex.

Two of them (C706 and C714) were proposed to be located

in the core with extremely small emission yield (F722 nm),

and one in the LHC I absorbing around 710 nm (emission

F730 nm) (39). The properties of the red Chls differ strongly

among the different LHC I complexes. In Lhca 1 and Lhca 2,

the pigments responsible for the red shift at low temperature

emit at ;686 nm and 701 nm, respectively (47), and thus

cannot be responsible for the red Chl fluorescence observed
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in intact PS I. For Lhca 3 and Lhca 4 the red emission maxima

are, however, located at 725 nm and 735 nm, respectively

(48), and are likely to be responsible for the red emission in

intact PS I. These spectral differences let us expect more than

one red Chl component arising from the peripheral LHC I

complexes in time-resolved studies.

The energy exchange of the different red Chls with the

bulk antenna system (i.e., the isoenergetic Chls of the PS

I-core complex, the gap Chls, and the LHC I complexes,

excluding the red Chls) was found to take place in the range

of a few to tens of picoseconds (15,17,25,49–53). Due to this

relatively slow energy equilibration and the related slowing

down of the overall trapping kinetics, it was concluded that

the red Chls in PS I can hardly increase the trapping effi-

ciency (17), as discussed earlier. Rather their role should be

different. Very clearly they increase the absorption cross

section in a part of the solar spectrum that is not used effi-

ciently otherwise (28,54). In addition they may have a pho-

toprotective role (14,29,32–34). The shift of the red Chls

location in higher plant PS I toward the periphery of the

complex might be attributed to differences in their function

or/and to differences in the environmental conditions as

compared to cyanobacteria.

Disagreement exists also about the influence of the bulk

antenna enlargement and the presence of red Chls on the

overall trapping kinetics. According to the work of Jennings

and co-workers (26), these two factors have an equal influ-

ence on the kinetics. These authors suggested that the ;30 ps

and ;80 ps components in the fluorescence kinetics of PS

I-intact particles are due to the dynamics of the outer antenna

red Chls. Alternatively, Ihalainen and colleagues proposed a

dominant role for the red Chls (25).

It follows from the discussion above that most aspects of

the kinetics of higher plant PS I are not well understood yet.

By comparing the ultrafast fluorescence data from PS I-cores

with those of intact PS I, this work aims at characterizing in

detail the ET and CS kinetics in higher plant PS I. We focus in

particular on precisely characterizing the influence of the

outer antenna and of the red Chls on these processes and on

resolving the RC* state kinetically and spectrally for higher

plant PS I. The discussion will address in detail the question

of possible bottlenecks in the energy flow between the vari-

ous antenna compartments. A further point concerns the

possible role of detergents for the functional coupling of the

peripheral LHC I complexes.

MATERIALS AND METHODS

PSI-LHCI particles (PSI-intact particles) were isolated from Arabidopsis

thaliana thylakoids by sucrose gradient ultracentrifugation after solubiliza-

tion with 1% b-DM (n-dodecyl-b-D-maltoside), using the protocol described

in Croce and colleagues (7). Antenna and core moieties were dissociated by

treating with 1% b-DM and 0.5% zwittergent-16. PS I-core particles and

LHC I were isolated by sucrose gradient ultracentrifugation as in Croce and

colleagues (7). Stroma membranes were purified by mechanical fractionation

with a Yeda-press, followed by differential centrifugation according to

previous reports (55).

For the time-resolved fluorescence measurements, the isolated core and

intact PS I particles were diluted in 30 mM tricine buffer (pH 7.8), containing

500 mM sucrose and 0.009% a-DM (n-dodecyl-a-D-maltoside) to an optical

density of ;0.3 cm�1 at the Chl QY maximum. The medium also contained

40 mM sodium ascorbate and 60 mM phenazine methosulfate as redox agents

to keep the RCs open during the measurements.

The single-photon timing technique was used to perform picosecond

time-resolved fluorescence measurements. The setup consists of a synchro-

nously pumped, cavity-dumped, mode-locked dye laser at 800 kHz repetition

frequency with DCM (4-dicyanomethylene-2-methyl-6-p-dimethylaminos-

tyryl-4H-pyran) as a laser dye (20,24). The pulse of the dye laser has a full

width at half-maximum (FWHM) of 10 ps, and the whole response of the

system is ;30 ps FWHM, which after deconvolution results in a time res-

olution of 1–2 ps. The sample was placed in a rotating cuvette (10 cm di-

ameter, path length of 1.5 mm) moving sideways at 66 rpm and rotating at

4200 rpm. The laser intensity at the sample was ;0.05 mW, ;0.8 mm spot

diameter. Such experimental conditions ensure complete rereduction of the

RC before the next excitation occurs. Under these conditions ,1% of the

particles receive a second laser excitation during the time they spend in

the laser beam. The excitation wavelength was 663 nm to selectively excite

the bulk antenna Chls. Measurements were carried out at ambient tempera-

ture (21�C 6 2�C).

Fluorescence decays were analyzed by means of global and target ana-

lyses (56,57). Global analysis is a combined mathematical fitting of the decay

curves at different wavelengths done in a single fitting procedure. The

analysis results in lifetimes and decay-associated spectrum (DAS), describ-

ing the whole set of original data. In the more elaborate target analysis, ki-

netic models are fitted to the data in a global fashion. Such an approach leads

to a physically meaningful description (rate constants and spectra of the

different compartments (species-associated emission spectrum; SAES)) and

gives detailed information about rate constants of energy and electrons of the

processes taking place in the investigated system. Several physically rea-

sonable models are usually tested for their compatibility with the data.

RESULTS

Global analysis

The fluorescence decay kinetics after 663 nm excitation of PS

I-core and intact particles and of purified stroma membranes

(containing dominantly intact PS I complexes) were recorded

with 1–2 ps time resolution at different emission wave-

lengths. The excitation wavelength was chosen to avoid di-

rect excitation of the red Chls and to ensure the start of the

excited state dynamics to be in the bulk antenna. Global

analysis was applied on the time-resolved data (Fig. 1).

At first glance the sets of lifetimes describing the fluores-

cence decays in the PS I-cores and PS I-intact particles look

similar, in particular for the lifetime range below 20 ps.

Significant differences can be observed in the amplitude of

the 40–55 ps lifetime, which has nearly zero amplitude in the

core particles but has a large amplitude in the intact PS I and

in the stroma membranes. Due to the broad and red-shifted

spectrum of the 55 ps lifetime in the PS I-intact particles and

in the stroma membranes, this component can be clearly at-

tributed to the dynamics of a red Chl excited state. The lack of

red-shifted DAS components for higher plant PS I-cores is in

agreement with other studies (26,43,44) and questions the

assignment of the compartments in the modeling performed

by Ihalainen and colleagues (25).
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The main fluorescence decay in both systems occurs with a

lifetime of ;16–17 ps. This component has a relatively broad

spectrum peaking in the blue range (680–685 nm) and most

likely reflects the energy-trapping processes from at least

partially equilibrated antenna, also comprising RC* fluores-

cence. However, unambiguous assignment of the lifetimes to

a particular process at this stage of the analysis is not possi-

ble. Quite generally, the observed lifetimes and their DAS

represent a weighted mixture of all the kinetic processes

occurring in the system. Nevertheless, similar lifetime com-

ponents were found in most of the recent studies of PS I

energy trapping kinetics (8,24–27). Nonetheless, not all of

the short-lived components were resolved in some of these

works. The shortest lifetime component (;7 ps) possesses

positive-negative amplitude with a zero crossing around 685

nm for intact PS I and 695 nm for PS I-core. This component

thus represents the slowest part of the overall energy equili-

bration dynamics. For intact PS I, the data are thus very

similar to our previous data on intact PS I from maize (20)

except that the fastest lifetime component is now resolved

into two components. Additionally, we find a nearly negli-

gible long-lived component in the nanosecond time range,

which can be assigned to a small amount of energetically

decoupled Chls or antennae present in the sample. Our ex-

perience shows that the amplitude of this component is

strongly dependent on the detergent concentration in the

buffer used for the measurement. We observed that detergent

concentrations right at the onset of the micelle formation (i.e.,

the critical micelle concentration) are the least disruptive for

the complexes. A similar observation concerning the un-

coupling of peripheral LHC I complex was made earlier (58).

The comparison between the DAS of the stroma mem-

branes and the detergent-isolated intact PS I particles (Fig. 1,

B and C) reveals some slight spectral differences in the blue

part (;680–690 nm) of the spectra of some of the decay

components. These differences are presumably due to some

lifetime overlap with a minor contamination by PS II in the

stroma membranes, which is expected. Nevertheless, the set

of lifetimes describing the fluorescence decay kinetics in

stroma membranes is nearly identical to the one from deter-

gent-isolated intact PS I. Importantly, the DAS in the red

spectral part are highly preserved (Fig. 1, B and C), which

means that during the isolation of the intact PS I particles the

red Chl compartments were not disrupted by the detergent.

For these reasons we will describe here in detail only the

analysis on the purified intact PS I particles.

Target analysis

As mentioned above, global analysis is a pure mathematical

fitting and does not provide much physical insight and in-

formation. Principally, after obtaining some qualitative in-

formation from the former approach, kinetic modeling by

target analysis was performed on the data to fully characterize

the underlying processes within compartment models, which

represent models of reduced complexity of the system (59).

This reduction of complexity is required since the time res-

olution and signal/noise ratio does not allow resolution of

single ET steps. Thus for the purpose of kinetic modeling, the

investigated system is separated into physical domains with

similar properties, e.g., bulk antenna, red Chls, etc. For each

sample PS I-core and PS I-intact particles, several different

kinetic models were tested on the data. Figs. 2 and 3 show the

final results of the target analysis.

The models yield the rate constants, the weighted eigen-

vector matrix, and the time course of the relative populations

FIGURE 1 Steady-state fluorescence spectra (black circles) and DAS and

lifetimes of the fluorescence from A. thaliana PS I-core (A), PS I-intact (B),

particles and stroma membranes (C) obtained through global analysis of the

fluorescence decay data, lexc ¼ 663 nm excitation. x2 ¼ 1.032, x2 ¼ 1.024,

and x2 ¼ 1.04, respectively.
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of the involved states. For a detailed description of these

terms, see Müller and colleagues (9). Fig. 4 illustrates the

corresponding SAES. The models describing the trapping

kinetics in PS I-core and in intact PS I particles differ in the

presence of red Chls. Since no significant red-shifted fluo-

rescence compartment was observed in the global analysis of

the core particles, red Chl compartments were not included in

the model describing the kinetics of the core. In fact, such

models were tested but did not lead to satisfactory results.

After performing the kinetic modeling, we recalculated the

DAS for the studied complexes (see Fig. 5). Besides the

lifetime components directly associated with the model

compartments, one (intact PS I) or two (PS I-core) additional

components are present that are attributed to some minor

content of detached LHC I and/or functionally decoupled

Chls (vide supra).

DISCUSSION

Reaction center kinetics

A key feature of the presented models is the presence of a

fluorescing compartment representing the excited RC Chls

(Fig. 2). Such a compartment was already resolved in our

previous studies on green algae PS I (9,24) and has a solid

theoretical and experimental base (5,7–9,11,12). Due to the

strong excitonic coupling among the six RC Chls the physical

properties of this group of pigments are significantly modi-

fied in comparison with the antenna Chls (6). Another reason

is their spectral role as electron transfer cofactors and their

relatively large distance from the core antenna Chls (1,2,4).

Therefore the RC* kinetics should be separable and be de-

scribed by an individual model compartment. Furthermore

the proper rates of the first electron transfer steps can only be

extracted if the RC* is resolved as a separate compartment. It

was indeed possible to resolve the RC* kinetics in our data

(see Figs. 2 and 3). The transient population of the RC*

compartment reaches ;22% in the PS I-core and 15% in the

intact PS I particles (Fig. 3). We also tested again whether a

charge recombination step from the first radical pair (RP1) is

required to describe our data (Fig. 2), following the recent

studies of Holzwarth and colleagues (24). Clearly any models

that did not include such a process gave no reasonable de-

scription of the kinetics, in agreement with our previous

findings on green algae PS I-cores (9,24).

The electron transfer kinetics in the RC for both samples is

the same within the error limits, which, on the one hand, is an

expected result since this part of the PS I particle is not af-

fected by the isolation procedures and should be independent

of the antenna size. On the other hand, the fact that the ki-

netics in both particles is described by the same electron

transfer rates, despite the largely different overall kinetics,

provides very strong support for the validity of the presented

models. The CS rate is ;400 ns�1 and is in the same range as

the one obtained for green algae PS I-cores (9,24). Additionally,

FIGURE 2 Compartment models with rate constants (ns�1) (top), life-

times and eigenvectors (bottom) for the PS I-core (top box) and PS I-intact

(bottom box) particles. x2 ¼ 1.1 and x2 ¼ 1.01, respectively.

FIGURE 3 Time dependence of the relative populations for the different

model compartments in Fig. 2. (A) PS I-core particles; (B) PS I-intact

particles.
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we are also able to resolve the decay of RP1. In both of the

studied complexes, this process occurs with a lifetime of

;14–17 ps, again in agreement with the above-mentioned

data on green algae cores (rate constant of 97 ns�1).

As can be deduced from the table of the weighted eigen-

vector matrix in Fig. 2, the apparent CS lifetime is 5–6 ps, in

accordance with our previous data (9,24). This lifetime is

several times shorter than the apparent CS proposed by other

authors (25–27). The discrepancy cannot be attributed to

major real differences in the experimental data but rather to

the fact that we include and resolve the RC* compartment in

our data analysis. As was discussed above, excluding some

inherent system properties from the model assumptions can

easily lead to inconsistent interpretations of the results. In the

kinetic models of other groups the 20–25 ps lifetime com-

ponent was attributed to the apparent lifetime of the primary

CS. Such an interpretation is in disagreement with our data.

However both our earlier data (9,24) as well as the data here

demonstrate that this lifetime reflects the secondary electron

transfer step.

Energy transfer dynamics

Our data analysis reveals that the main part of the energy

equilibration between the bulk antenna (ANT*) and the RC

(RC*) occurs on a sub-ps timescale (Fig. 2). The ratios of the

corresponding forward and backward rates are ;0.5 for the

PS I-core complex and ;0.3 for the intact PS I, in good

agreement with the ones predicted from the detailed balance

calculation

kb=kf ¼ NRC=NANT 3 expðEANT � ERC=kBTÞ;

where kf and kb denote the forward and backward ET rates

and NRC and NANT denote the degeneracy factors for the

different compartments (NRC ¼ 6, for intact PS I NANT ¼
;160, for core PS I NANT¼;97), and kBT is the Boltzmann

factor). The increase of this ratio in the PS I-core complex

correlates with the reduction of the bulk antenna size due to

the removal of the LHC I complexes and possibly also some

of the gap Chls. The ultrafast energy equilibration of the bulk

antenna with the RC proves that there is no rate-limiting step

in the kinetics due to the ET between the peripheral and the

core antennae and rules out the diffusion-limited model

proposed by Melkozernov and colleagues (27). This result

not only suggests that the gap Chls are well coupled with the

rest of the bulk antenna system, but it also shows that they

serve as an efficient bridge for the ET from the peripheral

LHCs of the intact PS I complex. We observe no evidence

whatsoever for any bottleneck across the bulk Chls.

FIGURE 4 SAES from the modeling of the time-resolved fluorescence

data of core (A) and intact (B) PS I particles.

FIGURE 5 DAS of PS I-core (A) and PS I intact (B) particles recalculated

from the rates and SAES of the kinetic models. In PS I-core (A) the last two

lifetimes (33 ps and ;1.9 ns) and the last one (2.3 ns) in intact PS I (B)

reflect the additional components.
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The ET kinetics of the red Chls can be directly examined

with the help of the weighted eigenvector matrix (Fig. 2). The

energy equilibration between the bulk antenna and the red

compartments proceeds with a main equilibration time of

;14 ps, in good agreement with studies on isolated LHC I

complexes (52,53). In the latter study the main energy

equilibration lifetime of the bulk antenna and the red Chls in

LHC I is not longer than ;8 ps. This lifetime is slightly

shorter than the one detected here. However, an increase of

the energy equilibration lifetime in the intact PS I complex is

expected, given that there is a general enlargement of the bulk

antenna moiety. Nevertheless, this lifetime is much longer

than the lifetime reflecting the energy equilibration between

bulk antenna and RC and slower than the apparent CS life-

time. In addition, some slower equilibration occurs for the

RED1* compartment. It is evident from the eigenvector

matrix that the two red Chl states decay with distinct life-

times, i.e., RED1* decays with ;95 ps and RED2* decays

with ;33 ps lifetime. This result rules out the conclusion

made by Engelmann and colleagues for heterogeneity of the

red Chls kinetics (26). Their conclusion is based on a pro-

posed mixing of the dynamics of the two red Chl states,

leading also to the mixing of the spectra (vide infra). How-

ever, our data do not support this hypothesis, and we believe

rather that their finding of a mixed kinetics is a direct con-

sequence of the noninclusion of an RC* compartment in their

model, which also emits red fluorescence. Addition of such a

compartment clearly leads to better separation of the red-

shifted spectra. Another important observation is the rela-

tively low transient populations of the two red Chl com-

partments. RED1* reaches a maximum transient population

of ;13.6% and RED2* ;6%. The low population of the red

states follows from the low ET rate constants and implies low

efficiency of the ET from the bulk antenna to these com-

partments. A direct consequence of the slow red Chl ET rates

is the fact that most of the excitation energy will be trapped

from the bulk antenna before it ever reaches the red Chls. The

slow energy exchange between bulk Chls and the red Chls in

the peripheral LHC I complexes requires a special analysis. It

must be caused either by poor spectral overlaps and/or by an

unfavorable arrangement or distance of the red Chls relative

to the surrounding Chls.

Fluorescence spectra of the model compartments

One essential part of the modeling is the extraction of

physically reasonable spectra (SAES) for each compartment.

These spectra play a critical and decisive role when judging

the adequacy of a model, in addition to the rates and the x2 fit

quality criterion. The SAES reflect the fluorescence spectrum

of each excited state compartment present in the model as if it

were measured isolated from the whole entity (56). The

corresponding SAES for PS I-core and intact PS I particles

are presented in Fig. 4. Since the number of the cofactors and

the kinetics in the RC (e.g., CS, charge recombination, and

secondary electron transfer rates) for both samples are pre-

served, the spectrum of RC* should be the same in both

samples. In contrast the bulk ANT* spectrum may change to

some extent since additional Chls are comprised in the bulk

ANT* for the intact PS I. The spectrum of RC* is slightly

broader for intact PS I than for PS I-cores. This may hint

at some incomplete resolution of the ANT* and RC* equil-

ibration.

Additionally, for the PS I-intact complexes two red-shifted

spectra accounting for the presence of red Chl forms are ob-

tained. These spectra agree very well with our previous low

temperature experiments on isolated LHC I complexes (48).

In accordance with this study, the spectrum of the compart-

ment with a main 33 ps decay lifetime (RED2*), which peaks

at ;721 nm, should account for the fluorescence observed in

Lhca 3 complexes (725 nm emission at low temperature) (48).

The other red compartment (RED1*) with a lifetime of ;95

ps peaks at ;733 nm and should represent the red Chl state in

Lhca 4 (48). As a result, for the first time in this study we

assigned the red kinetic components of intact PS I particles to

the red Chls located in the different isolated LHC I complexes

(Fig. 6). Both spectra are very broad and strongly red shifted

versus the absorption, reflecting both exciton coupling and

strong electron-phonon coupling as proposed by many au-

thors (35–39,60), possibly caused by charge transfer states.

Provided that the SAES (Fig. 4) of the model compart-

ments represent their fluorescence spectra (vide supra), one

can calculate via the Kennard-Stepanov relation (61,62) the

corresponding absorption spectra (see Supplementary Ma-

terial for details of this calculation and analysis and for the

absorption spectra of ANT*, RC*, RED1*, and RED2*).

Similar bands were found by Ihalainen and colleagues in

Gaussian decomposition of the LHC I absorption spectrum

(63). However, the calculated absorption spectrum of RED2*

FIGURE 6 Structural picture exemplifying the role of gap Chls in ET to

the PS I RC. Chl molecules of the structure from Ben-Shem and colleagues

(1), deposited in the Protein Data Bank under accession number 1qzv, are

shown. Gap and linker Chls are shown in light green and cyan, respectively,

whereas the special pair P700 is in purple. Chls in sites A5 and B5 (603

and 609 according to Liu and colleagues (68) of antenna polypeptides

are shown as well: they are in red in the case of Lhca 3 and Lhca 4, and in

orange for Lhca 1 and Lhca 2, according to their fluorescence emission

properties (48).
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clearly represents an equilibrated state between a red Chl

compartment and a nearby pool of higher energy Chls rather

than a pure red Chl form. In contrast RED1* has a typical red

Chl absorption spectrum, peaking at ;710 nm. The RC*

spectrum is in agreement with the spectrum found in our TA

studies of PS I-cores (9). The relatively low transient popu-

lation (Fig. 3) of the RED1* compartment can be explained

by the minor spectral overlap with ANT*. As a result of the

kinetic modeling, the DAS can also be presented with higher

accuracy due to the better separation of the lifetimes de-

scribing the excitation dynamics in the system (Fig. 5). The

shortest lifetime in the global analysis DAS (Fig. 1), which is

apparently a mixture of two lifetimes, now is split into a

sub-ps and ;6 ps lifetime. This leads to an additional slight

adjustment of the other lifetimes. We should note that the

sub-ps component resulting from the target analysis in prin-

ciple is below the actual time resolution of our apparatus.

Nevertheless, this component follows implicitly from the

kinetic models and is a global property of the overall kinetics

and spectral shapes. It is not uncommon in target analysis that

more and shorter lifetimes can be resolved than in simple

global analysis (56). However, if such an additionally re-

solved lifetime falls below the resolution limit, it follows that

the related errors for its spectral shape (DAS) and the rate

constants that essentially contribute to this lifetime (in our

case mostly ANT* and RC* transfer rates) have substantially

larger errors than the other DAS and rates. This must be kept

in mind when interpreting the data.

Error analysis reveals that the ANT* and RC* ET rates

could be off by up to 30%. However it is important to note

here that all our femtosecond TA data on PS I particles (9,64)

clearly demonstrate the presence of this sub-ps component. In

fact, unpublished femtosecond TA data on the intact PS I

complex also show this ultrashort ET component with large

amplitude. This component reflects to a large part the core

antenna/RC equilibration. The spectral shapes of the DAS of

the shortest lifetimes seem to indicate that part of the energy

is still not completely equilibrated on the timescale of CS,

because they are not conservative. This finding is in agree-

ment with the results of other authors (25,27) who, however,

used it as an argument to infer a transfer-to-trap or diffusion-

limited type of trapping kinetics in PS I. Such an argument

could well be misleading, since the decay of the fluorescence

is a mixture of the decays due to all the processes occurring

in the system, e.g., ET and CS, and additional analysis is

in fact necessary to assign the actual limiting factor in the

kinetics.

Trap-limited kinetics in higher plant PS I

According to theory, the average lifetime for excited state

decay in photosystems can be presented as a sum of two

lifetimes: tavg¼ tET 1 tCS (65,66). The first one is the ET or

migration lifetime (tET) that represents the average lifetime

for the energy migration through the antenna to the RC. In PS

I-core particles tET is equivalent to the average lifetime of the

energy equilibration between the bulk antenna (ANT*) and

the RC*. However in intact PS I particles, tET has a signifi-

cant or even dominant contribution from the equilibration

with the red Chls. The second one is the CS lifetime (CS)

representing the average trapping (CS) lifetime of excitations

that are already located on the RC. This lifetime reveals the

contribution of the CS to the total excited state decay and

should not be confused with the apparent CS lifetime, which

is the lifetime component describing the apparent rise of the

primary RP. Both terms, i.e., tET and tCS, depend, inter alia,

on the antenna size.

The trap-limited case is realized if tavg is determined

mainly by tCS, i.e., tCS/tET . 1. The contributions of tET and

tCS can be calculated simply by scaling the ET rates (either

ANT*-RC*, if the excitation is placed on the ANT* com-

partment, or RED*-ANT*, if the excitation is in the red) in

the kinetic models (Fig. 2) to infinity (i.e., to ensure tET �
tCS). In this way the overall decay of the fluorescence will be

entirely due to CS, and consequently the average lifetime will

reflect exactly tCS. The same information can be obtained if

in the kinetic model all excitations are created directly on the

RC. The results are shown in Fig. 7 and Table 1. According to

this scaling analysis, the ratio between the CS lifetime (tCS)

and the ET lifetime (tET) in PS I-cores is ;4.6, implying a

FIGURE 7 Dependence of the average fluorescence lifetime (tavg) on the

scaling of the ET rates (ANT*-RC*) in the kinetic models (Fig. 2). Scaling

factor 1 (vertical dashed line) corresponds to the experimental situation.
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fully trap-limited kinetics. In the intact PS I particles, this

ratio is somewhat smaller (;2.7) but still substantially higher

than 1, and the kinetics is still well on the trap-limited side. It

is interesting to note that our results disagree with the theo-

retical modeling of Sener and colleagues (67). In that work

the calculated so-called first usage lifetime (which corre-

sponds to tET in our description) is approximately three times

larger than the one we observe (Table 1). Thus the authors

were led to suggest a diffusion-limited trapping kinetics in

intact higher plant PS I.

The decrease of the tCS/tET ratio in intact PS I complexes

in comparison to PS I-cores is caused primarily by the

presence of the red Chls and their relatively slow ET with

the other pigments and to a much smaller extent only by the

larger bulk antenna system. The effect can be explained with

the dependence of tCS not only on the CS rate but also on the

equilibrium excited state population of the compartments.

The RC population is lower in intact PS I particles than in

PS I-cores, as can be seen from the population dynamics in

Fig. 3. Nevertheless, these substantial effects of the red Chls

do not suffice to change the type of the kinetics, which also

remains fully trap-limited for the intact PS I complex.

Nature of the red Chl energy transfer

To gain more insight into the properties of the system, it is

useful to perform further scaling analyses separately for the

ET rates of the red Chl compartments to evaluate the type of

their kinetics. The results of such analyses are summarized in

Table 1. Interestingly, the two red Chl states differ largely in

their kinetics. RED1*, which has a longer lifetime and the

reddest spectrum, shows diffusion-limited kinetics if all the

initial excitation is created on this red Chl. In contrast, the ET

dynamics of the other red compartment (RED2*), whose ET

kinetics is much faster than RED1*, is not diffusion limited.

These results correlate with the results from Kennard-

Stepanov calculations for the spectral overlap between ANT*

fluorescence and red compartments absorption (see Supple-

mentary Material). If the scaling analysis is done for equal

excitation of both red Chl compartments (Table 1, RED1/2)

and zero bulk antenna excitation, the overall kinetics turns

out to be balanced between the two limiting cases. Such a

difference in the kinetic properties between the red Chls can

be attributed to some differences in their function.

Influence of red Chls on the
energy-trapping process

The extension of the PS I-core antenna with the peripheral

LHC I complexes which contain the red Chls substantially

influences the overall trapping kinetics. This effect is not due

merely to the presence of red Chls but also to the extension of

the bulk antenna moiety. To quantify this effect, additional

data analysis has to be carried out. Since the average decay of

the excited state is a sum of two terms (tET and tCS, vide

supra), the contributions from the increased bulk antenna and

the presence of red Chls should be estimated separately,

which is possible on the basis of the rate constants provided in

Fig. 2. We have thus performed the scaling analysis of the

model describing the trapping kinetics for intact PS I particles

without including the red Chl compartments and keeping all

other rates the same as in the model of Fig. 2 (i.e., ET rates

between the bulk antenna and the RC* and the electron

transfer rates). This allows us to evaluate the contribution of

the bulk antenna enlargement alone on the increase of tET,

tCS, and tavg. The results of this analysis are shown in Table 2.

The extension of the bulk antenna of the PS I-core particles by

the LHC I (;50 Chls, not including the red Chls) and the gap

Chls (;10) contributes only ;24% (2.3 ps) to the total in-

crease (9.5 ps) of the tET, whereas the rest of the observed

increase is due to the presence of the red Chls. Likewise the

bulk antenna enlargement in the intact PS I contributes only

3.7 ps to the total increase of 20.7 ps in tCS. Our results thus

TABLE 1 Scaling analysis of the energy transfer rates

(ANT*-RC* and RED*-ANT*) in the models (Fig. 2) depending

on the excitation of different compartments in the core

and intact (Int) PS I particles

Excited compartment

ANT�Core ANT�Int RED1�Int RED2�Int RED1=2�Int

tavg (ps) 12.9 43.1 110 70 90

tET (ps) 2.3 11.8 67 27 47

tCS (ps) 10.6 31.3 43 43 43

tCS/tET 4.6 2.65 0.64 1.6 0.9

For details of the meaning of the parameters, see text.

TABLE 2 Contribution of the bulk antenna enlargement and the presence of red Chls in PS I-intact particles in the slowing down

of the overall trapping kinetics

Excited compartment Differences Contributions (%)

ANT�Core

ANT�Int

(no REDs) ANT�Int

ANT�Int

(no REDs)-ANT�Core ANT�Int-ANT�Core

Antenna

enlargement

red

Chls

tavg (ps) 12.9 18.9 43.1 6 30.2 20 80

tET (ps) 2.3 4.6 11.8 2.3 9.5 24 76

tCS (ps) 10.6 14.3 31.3 3.7 20.7 18 82

Scaling was performed as described in Table 1 and in the text. For the ANT�Int (no REDs), case the calculation was performed without including the red Chl

compartments (for more details, see text).
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argue against the conclusion of Engelmann and colleagues

(26) proposing an equal influence of the bulk antenna en-

largement and of the presence of red Chls on the total trapping.

Our findings are, however, in relatively good agreement with

the respective conclusion of Ihalainen and colleagues (25),

suggesting a dominant effect of the red Chls on the increased

trapping, despite the fact that we disagree with their proposed

overall transfer-to-trap-limited type of kinetics (vide supra).

In conclusion, the presence of the red Chls indeed substan-

tially slows down the trapping kinetics in PS I. In this sense

the red Chls might well function as centers for a photo-

protective mechanism. However, a photoprotective function

of the singlet states has not been demonstrated yet to our

knowledge. The red Chls exert, however, a photoprotective

function on the triplet states (33,34). On the other hand, the

processes in the RC are slower than the total energy equili-

bration and rule the overall trap-limited kinetics. This allows

the red Chls to also easily perform the function of a spectral

extension of the antenna system. Apparently, both functions

can coexist and can be modulated by the environmental

conditions. The redox state of P700 may be the switch be-

tween these two functions.

CONCLUSIONS

In summary, we have described the trapping kinetics in

higher plant PS I-core and PS I-intact particles, determined

the rate constants and the lifetimes of the energy and electron

transfer processes, and resolved the spectra and kinetics of

RC*, ANT*, and the red Chl compartments. In addition for

the first time, to our knowledge, we have quantified the in-

fluence of the red Chls and the effects of the enlargement of

the bulk antenna in intact PS I on the overall trapping kinetics

and described the effect separately for the ET and CS

lifetimes.

Our results show that no red Chls are present in the PS

I-core particles from A. thaliana. The red-shifted fluores-

cence (;700 nm) observed in the PS I-core preparations

originates from the RC* itself. The trapping kinetics both in

the core and in the intact particles from higher plant PS I falls

into the trap-limited category, similarly to the one previously

observed in algae PS I-cores (9,24). Due to the presence of

red Chls and the larger antenna system in the intact PS I

complex, the total trapping kinetics is slowed down ap-

proximately three times more than the core alone. Never-

theless, this effect is not large enough to switch the type of

trapping to a diffusion- or transfer-to-trap-limited case. More

than 80% of the slowing down of the trapping kinetics is

caused by the red Chls. The two red Chl compartments differ

in the type of their ET kinetics. Such a difference may be

linked to differences in the function(s) these Chls perform in

PS I.

In this study for the first time, to our knowledge, the two

kinetically resolved red states in the intact PS I complexes

have been attributed to the red states found in Lhca 3 and

Lhca 4 (48). It is important here to comment on the general

approach to describe and analyze the kinetics of such a

complex system as the intact PS I particle by a compartment

model with a small number of compartments. Clearly these

compartment models are minimal in the sense that they

provide only a description for the main components while

leaving some details of the kinetics (and the associated

spectra of the intermediate states) unexplained. However in

the absence of a precise and detailed x-ray structure, there

simply exists no better a priori possibility for resolving and

describing the kinetics of such a complex system of ;200

pigments. Thus the question is not whether these compart-

ment models are minimal (they certainly are) but only

whether they describe the actual situation well enough that

i), they allow us to resolve and assign the main components

correctly, and that ii), the results of the analysis allow us to

draw major conclusions as to the type and properties of the

kinetics.

Although we are aware that such compartment models

cannot provide a fully precise description of the kinetics

(including the associated spectra), we do claim that these

models and the resulting lifetimes describe the actual situa-

tion astonishingly well. Thus we claim—and this claim is

supported both by the results here and their excellent general

agreement with our previous published studies on the simpler

PS I-core particles—that the simple compartment models not

only do an excellent job in describing the overall kinetics but

also allow us to get important insights into the type of kinetics

(diffusion- versus trap-limit, resolution of the kinetics and

spectra of the RC* etc.).

Finally, the studies of the light energy utilization kinetics

in natural photosynthetic complexes and in particular the

properties of the red Chls, which both extend the spectral

range and may also play a special role in photoprotection,

provide valuable knowledge for the design and the devel-

opment of artificial light-harvesting systems and systems for

solar energy conversion.
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